Comparing the spontaneous polarizations, static and dynamic dielectric properties of piezoelectric Rochelle salt and non-piezoelectric RbHSO 4 we explore the role played by piezoelectric coupling in forming the dielectric response of the crystals of this type. The calculations for crystals of both types are performed within the Mitsui model, modified for the case of Rochelle salt by including the terms related to piezoelectric coupling with spontaneous strain ε 4 . It is shown that such a modification improves the agreement between theory and experiment for spontaneous polarization and yields a correct temperature behavior of relaxation times and dynamic dielectric permittivity of Rochelle salt in the vicinity of the transition points.
Introduction
Both piezoelectric Rochelle salt and non-piezoelectric RbHSO 4 belong to the same class of ferroelectrics, usually described by a two-sublattice model of dipoles moving in asymmetric double potentials (Mitsui model [1] ). In Rochelle salt it has not been established which atoms play the role of the ordering units, whereas in RbHSO 4 the dipoles are usually attributed to sulphate groups. The model, depending on the values of its parameters, can describe the peculiar to Rochelle salt two second order phase transitions with the ferroelectric phase between them, as well as the observed in RbHSO 4 single second order phase transition into the ferroelectric phase.
Calculations performed for Rochelle salt within the conventional Mitsui model usually face two important problems: i) impossibility to simultaneously fit the spon-taneous polarization and the static permittivity (too small polarization is obtained if the permittivity is fitted, or too large Curie constant is observed when polarization is correct) [2, 3] , and ii) incorrect temperature dependence of relaxation times and dynamic permittivity at the Curie points [2, [4] [5] [6] [7] [8] : One of the inverse relaxation times as well as a contribution of the ordering subsystem to the permittivity vanish at the Curie points, whereas experiments [9] indicate that both should be finite.
Both problems are not encountered in a non-piezoelectric RbHSO 4 crystal. Here, the inverse relaxation times and dynamic permittivity (theoretical and experimental) actually vanish at the Curie point [2, [10] [11] [12] and a good description of spontaneous polarization and static dielectric susceptibility can be obtained.
These facts plainly indicate that the piezoelectric effects play an important role in forming the dielectric response of Rochelle salt crystals. An impossibility to obtain a correct temperature behavior of the system dynamics near the Curie points originates from the fact that the simple Mitsui model does not distinguish between the free and the clamped permittivities. In fact, the relaxation times and dynamic permittivity at frequencies above the frequency of piezoelectric resonance calculated within its framework correspond to a free crystal, which is not correct for Rochelle salt. Instead, like the clamped static dielectric permittivity, the relaxation times calculated for a clamped crystal should be finite at the Curie points. Also, the crystal piezoelectricity contributes to its spontaneous polarization; hence, when this is taken into account, an agreement with the experiment should be improved as well.
The aim of this paper is, by comparing the physical characteristics calculated within the same model for piezoelectric Rochelle salt and non-piezoelectric RbHSO 4 , to illustrate the role played by piezoelectric interactions in the dielectric response of Rochelle salt and to show that the modified Mitsui model provides a satisfactory and qualitatively correct description of its dielectric characteristics, including the vicinity of the Curie points.
The model
We start from the conventional Mitsui model and modify it by taking into account the shear strain ε 4 , spontaneous in the ferroelectric phase or induced by piezoelectric coupling with an external electric field E 1 applied along the ferroelectric axis a. The model Hamiltonian then reads [13] 
The three first terms in the Hamiltonian represent phenomenological elastic, piezoelectric, and electric energies that do not depend on orientation of quasispins -a lattice contribution; v is the unit cell volume. In the fourth term R(f f ) are the potentials of interaction between quasispins. The quantity ∆ describes an asymmetry of the double-well potential; µ 1 is the effective dipole moment. The last term in the Hamiltonian is an additional internal field produced by piezoelectric coupling with the shear strain ε 4 ; ψ 4 is the so-called deformational potential.
In the case of non-piezoelectric RbHSO 4 it suffices to consider the conventional model without strain-related terms
Hereafter we restrict ourselves by the mean field approximation. The obtained thermodynamic potential g 1E (σ 4 , T , E 1 ) of Rochelle salt (σ 4 is shear stress conjugate to the strain ε 4 ; in numerical calculations σ 4 = 0) is [13] 
HereJ = q J/k B andK = q K/k B are the Fourier transforms of the interaction constants in the same and in different sublattices at q = 0. ξ and σ are ferroelectric and antiferroelectric order parameters, and
for Rochelle salt. For RbHSO 4 :
and
Spontaneous polarization of Rochelle salt is then given by the expression
whereas for non-piezoelectric RbHSO 4 it is
Now we can easily derive two static dielectric susceptibilities of piezoelectric Rochelle salt: for clamped and free crystals:
where
T c For non-piezoelectric RbHSO 4 there is a single static dielectric permittivity along the axis of spontaneous polarization
The difference between free and clamped susceptibilities of Rochelle salt
is given by its coefficient of piezoelectric stress
and coefficient of piezoelectric strain
Dynamic properties of the system are studied within the Glauber method [14] . Assuming that the strain is time independent (due to clamping of the crystal above the frequency of piezoelectric resonance), at small deviations of the system from equilibrium, we obtain a complex dielectric permittivity with two relaxation times that correspond, in fact, to a clamped crystal [13] 
Also,
The corresponding expressions for the dynamic permittivity of RbHSO 4 are obtained by taking the appropriate expression for γ (5) and changing µ 1 → µ 3 .
It can be shown that one of the relaxation times (τ 1 ) exhibits a critical slowing down at the transition points, whereas the other one has only bends at these temperatures. Since the weight χ 1 corresponding to τ 1 is several orders larger than χ 2 , and, furthermore, χ 2 is different from zero only in the ferroelectric phase, the dielectric relaxation in these crystals is of Debye type.
Discussion
Values of the theory parameters providing the best possible description of experimental data for Rochelle salt and RbHSO 4 are presented in table 1. Details of the fitting procedure are given elsewhere [2, 13] . After fulfilling the foremost task to reproduce the observable number of the transition points in the crystals and their temperatures, for RbHSO 4 the next main criterion for choosing values of the theory parameters was to obtain the best fit to the not too large but perceptible jump of specific heat at the transition point [15] . On the contrary, since no reliable experimental data for the peculiarities of the specific heat of Rochelle salt are available (even the signs of its anomalies at the Curie points have not been firmly established; see [16] ), for this crystal we chose those values of the model parameters, which provide the best fit to spontaneous polarization, piezoelectric module d 14 , and elastic constants c E 44 and c P 44 . For comparison we also present here the results obtained for Rochelle salt within a conventional Mitsui model without piezoeffect. In this case the values of the free parameters were chosen [2] such as the best description of static dielectric susceptibility is obtained. Figure 1 shows that the theory without piezoelectric coupling provides a satisfactory agreement with the experiment both for static susceptibility near the Curie point and for spontaneous polarization of RbHSO 4 . As seen in figure 2, the theory without piezoeffect also yields a good description of the temperature and frequency dependences of dynamic dielectric permittivity of RbHSO 4 . Note that due to divergence of the relaxation time τ 1 , both experimental and theoretical curves of the real part of permittivity turn to ε ∞ at the transition point.
Temperature dependence of polarization and static dielectric susceptibility of RbHSO 4 . Experimental points taken from [17] .
In figure 3 we plot the temperature dependences of inverse static dielectric susceptibilities of Rochelle salt. One can see a clear difference between free and clamped susceptibilities. At the transition points, the static dielectric susceptibility of a free crystal diverges, whereas the susceptibility of a clamped crystal remains finite. The chosen value of µ 1 provides a satisfactory description of experimental data for the free susceptibility in the ferroelectric and high-temperature paraelectric phases.
Theoretical dependence of spontaneous polarization P 1 of Rochelle salt is depicted in figure 4 . Due to the contribution of piezoelectric coupling, a description of experimental data, though still not satisfactory, is much better than within the theories that do not take into account the piezoelectric effect. The calculated maximal value of P 1 is lower here than the experimental one only by 10%, as compared to nearly 50%, obtained within the conventional model. Figure 5 shows that a conventional theory without piezoelectric coupling fails to describe a temperature behavior of relaxation time τ 1 (the one exhibiting critical slowing down) and real part of dynamic dielectric permittivity near the Curie •- [27] , - [18] , - [20] . Experimental points for relaxation time are taken from • - [28] , •- [29] , - [9] , ♦ - [30] and for permittivity they are taken from [9] .
T, K points. As we have mentioned earlier, this theory does not distinguish between permittivities of free and clamped crystals and yields a diverging relaxation time τ 1 and, therefore, causes a vanishing contribution of the ordering subsystem to the real part of permittivity.
The modified model is free from this drawback, since it permits to calculate the clamped relaxation time and permittivity. The relaxation time, as well as the static dielectric susceptibility ε ε 11 , would hypothetically diverge at two temperatures within the ferroelectric phase, a few degrees away from the Curie points. In reality, both τ 1 and ε ε 11 always stay finite and, thus, the contribution of the ordering subsystem to the dynamic permittivity always remains different from zero as well. The piezoelectric effect being taken into account yields a correct temperature behavior of inverse relaxation times, which now have two finite minima at the Curie points. Figure 6 illustrates the fact that under a proper choice of the parameter α that sets a time scale of the dynamic processes in the system, we obtain a qualitatively correct and quantitatively fair description of experimental data for dynamic permittivity of Rochelle salt, including the vicinity of the Curie points.
